Introduction
============

Lung transplantation (LTx) improves the survival time in selected patients with end-stage lung disease.[@b1-copd-12-2841] With improved immunosuppression and surgical methods, survival after LTx has increased over the past 10 years. Major causes of mortality after LTx include chronic rejection and incident malignancy.[@b1-copd-12-2841] In Sweden, the median survival time after LTx for end-stage COPD is 9 years.[@b2-copd-12-2841] Longer survival, through longer exposure to immunosuppressive treatment, may increase the risk of developing morbidities after LTx, including an increased risk of cancer.

After solid organ transplantation, the cancer risk is elevated 2--4-fold compared with population controls.[@b3-copd-12-2841] Factors associated with the increased cancer incidence include higher age of donor and recipient, type of LTx (single or bilateral), and type of immunosuppressive therapy.[@b3-copd-12-2841]--[@b5-copd-12-2841] After transplantation, risks are especially high for cancers associated with viral infections, including Mb, Hodgkin and non-Hodgkin lymphoma (NHL) (caused by Epstein Barr virus \[EBV\]), anogenital cancer (human papillomavirus), and liver cancer (hepatitis C and B virus),[@b6-copd-12-2841] but also for other malignancies such as lung, kidney, skin, and thyroid cancer.[@b3-copd-12-2841] Compared with other cancers, cutaneous squamous cell carcinoma (SCC) has a particularly increased incidence but a better prognosis.[@b7-copd-12-2841]

Knowledge of the incidence and risk factors of cancer after LTx for COPD is limited. Earlier studies include a large range of solid organ transplantations or populations across different end-stage respiratory diseases.[@b3-copd-12-2841],[@b7-copd-12-2841],[@b8-copd-12-2841] Patients with different respiratory conditions such as cystic fibrosis, COPD, and idiopathic pulmonary fibrosis often differ in preoperative risk factors for developing cancer. To date, no studies have specifically evaluated the risk of cancer after LTx for COPD. This knowledge is important as most patients with COPD undergoing LTx are former smokers, and COPD patients have an increased risk of cancers including lung and colon cancer.[@b9-copd-12-2841] Furthermore, patients with COPD due to severe alpha-1-antitrypsin deficiency (AATD) have an increased risk of liver cancer.[@b10-copd-12-2841]

Sweden offers a unique opportunity to study the risk of incident cancer and mortality after LTx by cross-linkage between the two national transplantation centers in Lund and Gothenburg, together with the national registers on cancer and vital status which give a nearly complete coverage and follow-up.

The aim of this study was to estimate the risk of cancer by site, with a focus on non-skin cancer, among LTx patients with COPD in Sweden.

Methods
=======

Study design and population
---------------------------

This was a prospective cohort study of all patients who underwent LTx for end-stage COPD at the two national LTx centers in Sweden, located at the university hospitals in Lund and Gothenburg. The study design has been detailed earlier.[@b2-copd-12-2841] Patients were included between the start of the transplantation program in 1990 up until January 2013, and were prospectively followed-up for the primary endpoints, namely, a diagnosis of cancer or death, as recorded in national registers. Criteria for LTx in COPD patients and the diagnosis of COPD were in line with international recommendations.[@b11-copd-12-2841]

Assessments
-----------

### LTx

Patients were assessed according to standardized protocols at the transplantation centers. Patients with a history of active cancer in the 5-year period prior to operation were not accepted for LTx in line with international guidelines.[@b11-copd-12-2841] Medical records from the transplantation units were reviewed for all patients, including the pre-transplant investigation protocol, the operation protocol, discharge summaries after the operation, and the record of the final follow-up visit at the transplantation center. The following preoperative variables were obtained: smoking status and pack-years, medical history including previous cancer(s), spirometry, diffusing lung capacity for carbon monoxide, and body mass index (BMI), previous thoracic surgery, long-term oxygen therapy (LTOT) before LTx, type of LTx (single or bilateral), perioperative total allograft ischemic time, and cytomegalovirus (CMV) status of donor and recipient. Severe AATD was defined as the presence of the Pi-phenotype (PiZZ) which was confirmed by isoelectric focusing at the Department of Clinical Chemistry, Skåne University Hospital, Malmö, Sweden.

### Follow-up

Cancer diagnoses were assessed using the Swedish Patient Register and Cancer Register.[@b12-copd-12-2841]--[@b14-copd-12-2841] In Sweden, reporting diagnosed cancers to the Cancer Register is mandatory for both the diagnosing clinician and the pathologist, resulting in nearly complete data on diagnosed cancers nationally. Cancers were categorized according to the ICD-7 codes: oral cavity (140--148), digestive organs (150--159), respiratory organs (160--165), reproductive and genitourinary organs (170--181), hematological and lymphoproliferative (200--207), and skin (190--199).

Cancers were divided into: 1) skin cancers, which included SCC, basal cell carcinoma (BCC), and malignant melanoma; and 2) non-skin cancers, which included the digestive organs-, respiratory organs-, reproductive organs-, genitourinary organs-, lymphatic and hematological cancers.

Vital status was obtained from the Swedish Causes of Death Register. Individual participant data were cross-linked between registers using each patient's specific Swedish social security number.

Ethical considerations
----------------------

The study was conducted in accordance with the amended Helsinki Declaration, and was approved by the Regional Ethical Review Board in Lund (DNr: 2010/338 and 2015/186), which did not require individual patient consent as a high proportion of patients were deceased, and due to the registry-based design.

Statistical analyses
--------------------

Patient characteristics were tabulated using descriptive statistics. The relative (excess) risk of cancer in transplanted patients compared to the general population was expressed as standardized incidence ratio (SIR), ie, the ratio of the observed to the expected numbers matched for age, sex, and calendar year. The expected number was calculated by multiplying the calendar period-, age- and sex-specific follow-up time in the cohort with the corresponding incidence in the general population. The follow-up time for cancer was from the date of transplantation and until the date of death, date of incident cancer (first cancer diagnosis), or study end (January 1, 2013), whichever came first. Estimates were presented with 95% CIs computed using the Poisson distribution. SIRs were calculated for all types of cancer, for the first cancer diagnosis, by anatomical site, and histopathological sub-classification. The estimated rate of developing cancer was calculated using survival tables.

Risk factors of incident cancer after LTx were analyzed using Fine-Gray regression, which accounts for the competing event of death.[@b15-copd-12-2841] Factors evaluated were the recipient's age, sex, AATD status (yes/no), BMI, pack-years of smoking, use of LTOT, days on waiting list, age of donor, CMV-mismatch between donor and recipient, type of LTx (single vs bilateral) and allograft ischemic time, all variables at the time of LTx (baseline).

Survival after first cancer diagnosis was analyzed using Kaplan--Meier. Differences in survival between patients with skin cancers and patients with non-skin cancers were calculated using the log-rank test. Follow-up time for survival was from the date of first cancer diagnosis to the date of death or study end. Statistical significance was defined as a two-sided *p*\<0.05. Statistical analyses were performed with the Stata version 14.2 (StataCorp LP, College Station, TX, USA).

Results
=======

Study population
----------------

A total of 331 patients received a lung transplant due to end-stage COPD between 1990 and January 2013 and were included in the analysis. The patients had a mean age of 55 (SD, 7) years, 64% were women, 38% had severe AATD, and 71% received a single lung transplant ([Table 1](#t1-copd-12-2841){ref-type="table"}). Only nine patients (3%) were never-smokers. The patients with a smoking history (97%) had smoked a mean of 25 (SD, 12) pack-years.

Immunosuppressive regimens were induction therapy with antithymocyte globulin and steroids, then prednisone, calcineurin inhibitors and azathioprine up until 2002, and thereafter prednisone, calcineurin inhibitors and mycophenolate mofetil. Twelve patients had a previous cancer diagnosis before LTx; eleven patients with previous cervix cancer, and one patient with lung cancer who was treated with pneumonectomy 10 years before LTx.

Incidence and excess risk of cancer
-----------------------------------

The median follow-up time from LTx to first cancer diagnosis, death or study end was 2.8 (interquartile range \[IQR\], 5.0) years, generating a total of 1,360 person-years at risk of cancer. During this time, 118 (35%) patients developed cancer; 54 (16%) developed skin cancer, and 64 (19%) developed non-skin cancer, SIR for all cancers was 10.0 (95% CI 8.1−11.8). The most common non-skin cancers were lung cancer (n=18), colorectal cancer (n=13), and NHL (n=13), [Table 2](#t2-copd-12-2841){ref-type="table"}.

### Skin cancer

Skin cancer occurred in 54 patients, giving an excess risk by the SIR of 27.0 (95% CI, 20.3−35.2) compared with the general population matched for age, sex, and calendar year ([Table 2](#t2-copd-12-2841){ref-type="table"}). Of these, two patients developed malignant melanoma, SIR 3.7 (95% CI, 0.4−13.2), and 52 patients developed SCC and BCC, SIR 118.2 (88.3−155.0).

### Non-skin cancers

The risk of non-skin cancers in LTx patients was increased more than 5-fold, SIR 5.6 (95% CI, 4.3−7.2). The highest excess risks were seen for NHL (SIR 39.0; 95% CI, 20.8−66.7), lung cancer (SIR 19.8; 95% CI, 11.7−31.2), liver cancer (SIR 17.7; 95% CI, 3.6−51.6), and colorectal cancer (SIR 11.4; 95% CI, 6.1−19.5). Cancers of the stomach, prostate, breast or urinary bladder were not significantly increased. The estimated risk of developing non-skin cancer was 2% (95% CI 1%−4%) at 1 year, 6% (95% CI, 3%−9%) at 3 years, 13% (95% CI, 9%−18%) at 5 years, and 31% (95% CI, 23%−39%) at 10 years.

The excess cancer risk was similar between patients who had undergone single LTx (SIR 5.1; 95% CI, 3.7−6.7) and those who had undergone bilateral LTx (SIR 6.4; 95% CI, 3.6−10.6).

Of the patients with severe AATD, 28 (22%) developed non-skin cancer, SIR 6.4 (95% CI, 4.2−9.2) which was comparable to the excess risk in the patients without AATD, SIR 4.7 (95% CI, 3.3−6.5), *p*=0.25. The SIR of colorectal, liver, and lung cancer was 12.0 (95% CI 4.0−28.0), 30.0 (95% CI 3.7−109.0), and 15.5 (95% CI 5.0−36.0) in the patients with AATD and 11.0 (95% CI 4.7−21.7), 9.5 (95% CI 0.24−53.0), and 24.0 (95% CI 13.0−40.0) in the patients without AATD, with no significant difference between the groups (*p*\>0.10 for all comparisons).

Lung cancer occurred in 18 patients, SIR 19.8 (95% CI, 11.7−31.2). The median time from LTx to diagnosis of lung cancer was 2.6 (IQR, 3.7) years with 6/18 diagnoses within the first year post-transplantation. Most lung cancers (14/18; 78%) occurred in patients who had received a single lung transplant, and among these, 11/14 (79%) occurred in the native lung. There was no difference in the incidence of lung cancer between patients who had undergone single LTx (SIR 19.0; 95% CI, 10.3−31.6) and those who had undergone bilateral LTx (SIR 24.1; 95% CI, 6.6−61.7), *p*=0.68.

Risk factors for developing cancer
----------------------------------

In univariate analyses, the only factor associated with increased risk of cancer after transplantation was a higher age of the recipient ([Table 3](#t3-copd-12-2841){ref-type="table"}). However, in multivariate analysis, no factor predicted the risk of cancer, including age, sex, AATD status, BMI, pack-years of smoking, LTOT, type of LTx (single/bilateral), donor age, CMV mismatch, or waiting time for the transplantation ([Table 3](#t3-copd-12-2841){ref-type="table"}). The cancer risk was not associated with year of LTx and thus did not change over the study period. Findings were similar for skin cancers and non-skin cancers.

Survival after cancer diagnosis
-------------------------------

There were 43 (67%) deaths among the 64 patients who developed non-skin cancer, compared with 22 (41%) deaths in patients who developed skin cancer. Overall, the estimated median survival time after cancer diagnosis was 6 years (95% CI, 4−8), with longer median survival after the diagnosis of skin cancer (8 years; 95% CI, 3−15) compared with non-skin cancer (4 years; 95% CI, 2.8−4.8), *p*\<0.001 ([Figure 1](#f1-copd-12-2841){ref-type="fig"}). Cancer was the main cause of death in 70% of patients with non-skin cancer; NHL (n=12), lung cancer (n=9), colorectal (n=3), liver (n=3), and urogenital cancer (n=3), whereas cancer was the cause of death in only two patients (4%) with skin cancer.

Discussion
==========

Main findings
-------------

This study is the first to examine the risk of cancer after LTx, specifically in patients with COPD. The main finding is that the risk of cancers other than skin cancer was increased more than 5-fold compared with the general population. The highest excess risk was seen for NHL, lung, colorectal, and liver cancer.

Relation to previous findings
-----------------------------

We found a high risk for NHL, possibly as a result of the intensity of immunosuppression or the large amount of lymphoid tissue conveyed within the lung graft.[@b5-copd-12-2841] These results are in agreement with previously published studies. Engels et al have found that NHL is the most common malignancy in US transplant recipients.[@b3-copd-12-2841] Previous studies have also shown that the most common NHL subtype among transplant recipients is diffuse large B-cell lymphoma, with most cases being EBV-positive.[@b8-copd-12-2841],[@b16-copd-12-2841] The risk of NHL is most pronounced among younger transplant recipients, who are more susceptible to a primary EBV infection following transplantation.[@b6-copd-12-2841]

The incidence of lung cancer was high in our study population (SIR 19.8). Patients underwent regular and intensive follow-up with chest X-ray, every 3 months during the first year and every 6 months thereafter. Heavy smoking exposure and immune suppression make the LTx recipients susceptible to lung cancer. The present findings are consistent with reports of increased lung cancer risk in smokers with COPD.[@b17-copd-12-2841]--[@b19-copd-12-2841] Smokers with mild and moderate COPD have a 3-fold increased risk of developing lung cancer within 10 years, which increases to a 10-fold risk when severe COPD is developed, compared with smokers with normal lung function.[@b18-copd-12-2841],[@b19-copd-12-2841] We found that in patients who received single-lung transplants (71%), the majority of lung cancers developed in the remaining native lung, with 33% of cancers observed during the first year after transplantation. These results are in line with those of previous studies.[@b4-copd-12-2841],[@b20-copd-12-2841] There was no difference in the incidence of lung cancer between patients who had undergone single LTx and those who had undergone bilateral LTx, but this analysis could be affected by the low number of cases (n=4 in the double LTx group).

Risk of stomach, prostate, breast, and urinary bladder cancers compared with the general population was not significantly increased.

Consistent with previous studies of lung transplant recipients, our study showed an increased risk of non-melanoma skin cancer, which increased 118-fold. A population-based study from Sweden demonstrated a 198-fold increased risk of SCC in a mixed population of patients after heart and/or LTx compared with the general population.[@b7-copd-12-2841] In another population-based study from Denmark, the SIR was 65 for skin cancer including SCC, BCC, and malignant melanoma among LTx patients.[@b21-copd-12-2841] SCC is widely considered a benign disease with a good prognosis. In line with this, the patients with skin cancer in our study had significantly better survival than those with non-skin cancer. An increased risk of malignant melanoma compared with the general population was not observed in this study, which can be explained by the small number of patients. However, previously published studies have shown a moderate increase in risk (2.2-fold) of malignant melanoma.[@b3-copd-12-2841],[@b7-copd-12-2841],[@b21-copd-12-2841],[@b22-copd-12-2841] It was speculated that the development of melanoma is mainly linked to exposure to UV light and is not affected by immunosuppression therapy and/or viral carcinogenesis.[@b7-copd-12-2841]

The excess risk of non-skin cancer in patients with severe AATD after LTx was comparable to the excess risk in patients without AATD and the risk of cancer did not differ by AATD status in multivariate analysis. We did not find an increased risk of liver cancer in patients with severe AATD compared with patients without AATD. To our knowledge, no previous study has examined the risk of cancer after LTx, specifically in patients with COPD and severe AATD.

Mechanisms
----------

The increased risk of cancer after LTx for COPD may be explained by several factors. The majority (97%) of the patients had smoked, with a mean exposure of more than 20 pack-years. Smoking is the single most important risk factor for several cancers, especially lung cancer. Immunosuppressive treatment is likely to contribute to the increased cancer risk.[@b23-copd-12-2841] Lung transplant recipients tend to receive more intensive immune suppression than other solid organ transplant recipients. The role of immunosuppressive therapy in the development of cancer in organ transplant recipients is a matter of debate. In the present study, similar protocols for immunosuppression were used in patients who developed cancers and those who did not, which shows the importance of additional factors apart from immunosuppression in the development of cancer.

COPD is a complex disease associated with systemic consequences, including increased risk of both pulmonary and extra-pulmonary cancer.[@b24-copd-12-2841],[@b25-copd-12-2841] The improved treatment and survival time following LTx seen in recent decades are likely to increase the risk of developing cancer since these patients are exposed to immunosuppression for a longer time period. Another possible reason for the higher cancer risk in the present study compared with previous studies in solid organ transplantations is that the majority (64%) of the patients undergoing LTx for COPD in our study were women. It has been reported that comorbidities, such as cardiorespiratory disorders and cancer, including lung cancer, are more common among women with COPD compared with men.[@b9-copd-12-2841],[@b26-copd-12-2841] Women with severe COPD have been shown to have an almost 1.5-fold higher mortality risk of all types of cancer, and a 2.7-fold increased risk of lung cancer compared with men.[@b9-copd-12-2841],[@b26-copd-12-2841] The present study also extends our knowledge that the evaluated patient demographics and peri-operative characteristics cannot predict which patients will develop cancer.

Strengths and limitations
-------------------------

The strengths of the study are that it included a well- characterized, representative, national cohort of patients undergoing LTx for COPD at both transplantation units in Sweden. Patients were followed prospectively with outcomes assessed using population-based registers with practically complete coverage and follow-up.

The limitations include that we lacked data on potentially important risk factors for cancer, including hereditary history and genetic analyses. The impact of different immunosuppressive therapies could not be assessed as data on immunosuppression, including the dosage used, were not available. However, the risk of cancer, adjusted for confounders, did not change in the present analysis over the study period 1990--2013. Data on smoking exposure and morbidity for the Swedish control population were not available, and the excess cancer risk compared with non-smoking, healthy controls is probably even higher.

Conclusion
==========

These results contribute new knowledge about the risk of cancer in COPD patients after LTx. Our study shows the importance of regular follow-up after LTx for the early diagnosis of malignancy; clinical follow-up and regular examination with chest X-ray, at a minimum every 3 to 4 months and regular skin screening. As 61% of lung cancer occurred in the native lung, bilateral LTx may be a better option for patients with a history of smoking, ie, COPD. This is also in line with what is now common procedure in the LTx field where over 66% of LTx are double LTx.
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###### 

Characteristics of 331 patients at the time of lung transplantation in Sweden

  --------------------------------------------------------
  Characteristic                           All patients\
                                           (n=331)
  ---------------------------------------- ---------------
  Women                                    213 (64)

  Age of recipient, years                  55 (7)

  Body mass index, kg/m^2^                 22 (4)

  Pack-years of smoking                    25 (12)

  Severe AATD                              125 (38)

  Previous lung volume reduction surgery   35 (11)

  Long-term oxygen therapy before LTx      210 (63)

  FEV~1~, % of predicted                   23 (8)

  FVC, % of predicted                      62 (19)

  DLCO, % of predicted                     26 (10)

  Age of donor, years                      46 (16)

  CMV mismatch                             44/288 (15)

  Single lung transplant                   243 (71)

  Cardiopulmonary bypass during LTx        38 (11)

  Allograft ischemia time, minutes         268 (113)
  --------------------------------------------------------

**Note:** Data presented as mean (SD) or frequency (percentage).

**Abbreviations:** AATD, alpha-1-antitrypsin deficiency; CMV, cytomegalovirus; DLCO, diffusing lung capacity for carbon monoxide; LTx, lung transplantation.

###### 

Risk of cancer in patients after lung transplantation for COPD (n=331) compared with the matched Swedish general population

  Site                                    Observed/expected cancer   SIR (95% CI)            *p*-value
  --------------------------------------- -------------------------- ----------------------- ------------------------------------------------------
  All types of cancer                     118/12                     **10.0 (8.1--11.8)**    \<**0.001**
  All skin cancers                        54/2                       27.0 (20.3--35.2)       \<**0.001**
  All non-skin cancers                    64/11.4                    **5.6 (4.3--7.2)**      \<**0.001**
  Lip and oral cavity                     1/0.22                     4.6 (0.2--25.0)         0.090
  Digestive organs                        17/1.8                     **9.0 (5.1--14.3)**     \<**0.001**
   Stomach                                1/0.16                     6.4 (0.2--35.5)         0.55
   Colorectal                             13/1.1                     **11.4 (6.1--19.5)**    \<**0.001**
   Liver                                  3/0.17                     **17.7 (3.6--51.6)**    \<**0.001**
  Respiratory organs                      19/0.97                    **19.6 (11.8--30.6)**   \<**0.001**
   Larynx                                 1/0.04                     25.0 (0.63--139.3)      \<0.001[\*](#tfn4-copd-12-2841){ref-type="table-fn"}
   Lung                                   18/0.91                    **19.8 (11.7--31.2)**   \<**0.001**
  Reproductive and genitourinary organs   13/5.97                    **2.2 (1.2--3.7)**      **0.004**
   Breast                                 4/2.72                     1.5 (0.4--3.8)          0.44
   Uterus                                 4/0.62                     **6.4 (1.8--16.5)**     \<**0.001**
   Vulva                                  1/0.05                     21.7 (0.6--121.0)       \<0.001[\*](#tfn4-copd-12-2841){ref-type="table-fn"}
   Prostate                               3/1.60                     1.9 (0.4--5.5)          0.27
   Urinary bladder                        1/0.39                     2.6 (0.1--14.4)         0.33
  Lymphatic and hematological             14/0.74                    **19.0 (10.3--31.7)**   \<**0.001**
   Non-Hodgkin lymphoma                   13/0.33                    **39.0 (20.8--66.7)**   \<**0.001**
   Leukemia                               1/0.11                     9.4 (0.2--52.1)         0.007[\*](#tfn4-copd-12-2841){ref-type="table-fn"}

**Notes:** Relative risk of cancer in patients after lung transplantation for COPD, expressed as standardized incidence ratio (SIR) compared with the general Swedish population matched for age, sex, and calendar year. Values in bold highlight significant difference between patients and controls.

Significance should be interpreted with caution due to few cases.

###### 

Risk factors for cancer after lung transplantation for COPD (n=311)

  Factor                                Univariate          Multivariate                       
  ------------------------------------- ------------------- -------------- ------------------- ------
  Age of recipient (per 1 year)         1.03 (1.01--1.06)   0.011          1.04 (0.99--1.08)   0.10
  Women vs men                          1.15 (0.79--1.67)   0.47           1.51 (0.86--2.65)   0.15
  Non-AATD vs AATD                      1.04 (0.72--1.49)   0.84           0.71 (0.37--1.36)   0.31
  BMI (per 1 kg/m^2^)                   0.98 (0.92--1.03)   0.43           0.98 (0.91--1.06)   0.61
  Smoking (per 1 pack-year)             0.99 (0.97--1.00)   0.14           0.98 (0.96--1.01)   0.13
  Oxygen therapy use before LTx         1.00 (0.67--1.49)   0.99           0.93 (0.54--1.62)   0.81
  Bilateral vs single LTx               0.82 (0.52--1.29)   0.38           0.84 (0.43--1.62)   0.59
  Age of donor (per 1 year)             1.00 (0.99--1.02)   0.51           1.00 (0.99--1.02)   0.86
  CMV mismatch                          0.82 (0.50--1.37)   0.45           0.99 (0.50--1.95)   0.97
  Days on wait list (per 1 day)         1.00 (1.00--1.00)   0.28           1.00 (1.00--1.00)   0.99
  Allograft ischemic time (per 1 min)   1.00 (1.00--1.00)   0.87           --                  

**Notes:** Associations with time to first cancer diagnosis after lung transplantation analyzed using univariable and multivariable Fine-Gray regression. Allograft ischemic time was excluded from the multivariable model due to a high rate of missing values (n=153).

**Abbreviations:** AATD, alpha-1-antitrypsin deficiency; BMI, body mass index; CMV, cytomegalovirus; LTx, lung transplantation.
